1. Hunting can potentially affect population size, age composition, sex-ratio, behaviour and distribution of natural populations, and understanding its impacts is a prerequisite to manage quarry species sustainably. Harvest management relies strongly on the existence of both strictly regulated hunting efforts and efficient monitoring of populations, their demography and harvest. These conditions are rarely met in practice. 2. For the Svalbard-breeding population of the pink-footed goose Anser brachyrhynchus, an internationally coordinated adaptive harvest management framework enables a flyway-based assessment of harvest impact. Based on 25 years of population assessment and harvest data, we evaluate the differential impact of harvest along the migration corridor of the population. 3. The analysis reveals that (i) total harvest and harvest rate (proportion of the population killed by hunting) have increased substantially in recent years, (ii) compared to adult geese, juveniles were overrepresented in the hunting bag by a factor of 3Á7, (iii) the proportion of juveniles in the hunting bag differed between the two countries (Norway and Denmark) with an open season, and was more than twice as high in the former compared to the latter, and (iv) the increase in harvest rate seemed to be driven by increased hunting mortality of juvenile birds, with no clear impact on the growth rate of the population. However, this may partly relate to the transient dynamics and population inertia commonly seen in long-lived species such as geese, and a 3-year consecutive decline towards the end of our study period might be the first signs of an impending decline. 4. Synthesis and applications. Our findings highlight that the impact of harvest varies along the migration corridor and between age classes of a single species and suggest that allocation of hunting effort in time and space is important to optimise harvest. Our example demonstrates the need for internationally coordinated, detailed population and harvest data which are essential for sustainable harvest management.
Introduction
Waterfowl hunting is widespread throughout the northern Hemisphere and may have significant demographic and distributional impacts on quarry species (Madsen & Fox 1995; Duncan, Blackburn & Worthy 2002) . Exploitation of individuals gives rise to an immediate drop in population size, but this loss may not always be additive because wildlife managers, and the opportunity to regulate hunting effort and/or selective exploitation can be important initiatives to manage wildlife populations.
The use of hunting as a management tool relies on (i) strict regulation of hunting effort by recurring evaluation of season length, bag limits or spatial hunting restrictions and (ii) continuous monitoring of population sizes, demographics and harvest in the form of bag statistics. In combination, these efforts can be used to assess the impact of harvest and to regulate harvest rate (HR; proportion of the population killed by hunting) to ensure sustainable exploitation. Although all member states of the European Union and parties to the Agreement on the Conservation of African-Eurasian Migratory Waterbirds (AEWA) have agreed to comply with the principles of sustainable use of populations (EU Birds Directive 2009; AEWA 2015) , these prerequisites for effective hunting management are only rarely implemented internationally (Madsen et al. 2015c) or on a national scale (see review in Parrott et al. 2003) .
In this regard, the Svalbard-breeding population of the pink-footed goose Anser brachyrhynchus is an exceptional case in an European context. Coordinated efforts along the entire flyway of this population have ensured full coverage of hunting bag data, population numbers and demographic information throughout its entire range (Madsen et al. 2016a) , and since 2012, an adaptive International Species Management Plan (ISMP) has been implemented under the auspices of AEWA to manage the population. More specifically, in order to reduce agricultural damage to crops and risks of degradation of vulnerable tundra vegetation caused by geese, it has been agreed to maintain a stable population size of around 60 000 individuals by means of regulations in harvest (Madsen & Williams 2012) . The internationally coordinated data enable an investigation of development in hunting pressure on a flyway level and allow for an assessment of demographic implications in relation to hunting of this species. These advancements are important to secure future evidence-based management of hunted populations and can be used as a guideline to decide on pathways for sustainable management of similar waterfowl species throughout the western Palearctic. This is especially important in light of the growing interest in waterfowl management throughout Europe and the upcoming joint management platform for similar species under the auspices of AEWA (AEWA 2016).
Harvest rates for waterfowl are typically estimated using band/ring recovery rates (Brownie et al. 1985; Nichols et al. 1995) . Particularly, in North America, this methodology has been advanced with large-scale banding on the breeding grounds and assessment of harvest impact on populations within structured adaptive harvest management frameworks (e.g. Nichols et al. 2015) . In the western Palearctic, very few waterfowl population studies have been designed to assess harvest impacts using dedicated pre-harvest banding programs. This is also the case for the Svalbard population of pink-footed geese, where marking is mostly done on the spring staging grounds with only few years of catching on the breeding grounds in Svalbard. As a result, this study develops a novel approach, estimating HR on the basis of pre-harvest population sizes and knowledge of hunting bags and their age compositions. This approach enable us, for the first time ever in an European context, to assess impacts of harvest at the overall population level, as well as age-specific and geographically determined responses along the migration corridor. At the same time, our study presents the required framework needed to develop pan-European management schemes necessary to ensure future sustainable harvest of migratory populations, built on internationally coordinated and standardised procedures of monitoring population size and harvest.
In this study, we aim to (i) describe the development in overall and national HRs of pink-footed geese in Denmark and Norway during the period 1991-2015, (ii) investigate potential age-specific impacts of hunting, and whether it varies across the migration corridor of this species, (iii) assess the impact of hunting on population growth rate and (iv) discuss the implications of these findings in light of using hunting as a tool to manage waterfowl populations.
Materials and methods

F O C A L S P E C I E S
The Svalbard-breeding population of pink-footed geese migrates through Norway and Denmark on autumn migration before continuing south to the Netherlands and Belgium (Madsen, Cracknell & Fox 1999 ). The population passes Norway from mid-September to late October and peaks in numbers in Denmark during mid-October. In recent years, a growing proportion of the population has extended their stopover in Denmark before migrating to the southernmost wintering areas, and increasing numbers stay in Denmark throughout the entire winter period (Madsen et al. 2015b; Clausen & Madsen 2016) . The spring population reached a peak of 81 600 in 2012-2013, but has decreased since then (Madsen et al. 2016a) . During autumn migration pinkfooted geese forage mainly in agricultural areas (Madsen et al. 2015b) . The population has an open season in Denmark (1 September to 31 December, and in 2014/2015 until 31 January) and Norway (10 August to 23 December; Svalbard 20 August to 31 October) and is hunted both on inland foraging sites and during flights between night time roosts and feeding areas. The species is protected in the Netherlands and Belgium. To estimate HR, we need to know the population size before the start of the harvest season and the total harvest. Population estimates from all years were based on the annual flyway counts of this population, so-called total counts covering all known sites used by pink-footed geese (Madsen et al. 2016a) . The counts were synchronised between the range states Norway, Denmark, the Netherlands and Belgium, in recent years supplemented by counts in Sweden, Germany and Finland. Since the 1980s, counts were performed in early November as a standard, supplemented by counts in late December in the 2000s. Since 2010, counts have also been carried out in early May. The switch in timing of the count changed due to altered spatial distribution of the population, but in all years, the counts were designed to cover the entire flyway population. Based on the counts and estimates of the seasonal mortality, we back-calculated the expected population size on 1 September prior to hunting mortality, except for a few hundred geese which may be shot in Svalbard. Mortality of birds dying between the counts and 1 September was due to either natural or hunting mortality. The number of birds dying from natural mortality was derived from seasonal natural survival of adult neckbanded geese reported by Madsen, Frederiksen & Ganter (2002) , corrected for an annual neckband loss rate of 3% (Clausen, Frederiksen & Madsen 2015) . We used a monthly mortality rate of 0Á006 (average for females and males) which has been estimated for winter when no hunting takes place. Because of lack of information on survival of juveniles, we assumed that juvenile and adult natural mortality was equal from the time of arrival to the autumn-staging areas. This assumption is in accordance with studies of seasonal survival in other populations of geese where it has been shown that young geese experience reduced survival in the first months after fledging (post-breeding and on autumn migration) but that survival becomes equal to that of older birds once they have reached the wintering grounds (Van der Jeugd & Larsson 1998; Menu, Gauthier & Reed 2005) . Hunting mortality was based on the records of total harvest derived from hunting bag statistics in Norway (operating since 1992) and hunting bag statistics combined with a national wing survey in Denmark (operating since 1982) (Madsen et al. 2015b) . In Norway, pink-footed geese are shot during their passage in September and October (Jensen, Madsen & Tombre 2016) , while in Denmark, they are shot throughout the hunting season. From the wing survey, the relative seasonal distribution of the total harvest in Denmark can be derived (Madsen et al. 2015b) . Based on these data, we estimated that approximately half of the annual total harvest was taken by the start of November. In the hunting season 2014-2015, when pink-footed geese were also shot in January, wing survey data indicated that one-third of the total harvest was taken before the start of November. The calculations for this year were, therefore, adjusted accordingly. We assumed that natural mortality was additive to hunting mortality; this is supported by stochastic population modelling showing that the population is in exponential growth with little signs of density-dependence effects on fecundity and survival . For years when population counts were conducted in the start of May, the population size prior to the hunting season the previous autumn (N Sep ) was calculated as follows:
where N May signifies the population size at the time of May counts, S the natural survival rate during the intervening 8-month period (S = (1 À 0Á006) 8 ), and H Norway and H Denmark the annual harvest in Norway and Denmark, respectively. For years when population counts were conducted in early November, the population size before hunting was calculated as follows:
where N Nov signifies population size in November, S the natural survival rate during the intervening 2-month period (S = (1 À 0Á006) 2 ) and a the proportion of the Danish hunting bag shot prior to November (0Á5 in all years except 2014, where it was 0Á33). Annual HR was calculated as follows:
Potential changes in HR were analysed using piecewise linear regression to objectively identify tipping points during the 25-year period, and changes in slope were tested using Davies test (Davies 2002) . Analyses were conducted using the R package 'segmented' (Muggeo 2008) .
A G E -S P E C I F I C I M P A C T S
To estimate age-specific vulnerability to hunting along the flyway, we compared the age ratios in the wild population with the age ratios of the harvest in both Norway and Denmark. Age ratios of the free-ranging population were assessed annually by trained observers in the second half of October, i.e. close to the time of the population count, in both Denmark (all years) and Norway (2009 Norway ( -2015 . Adult birds are identified by more or less rectangular wing coverts with distinct white edges, while juvenile feathers are rounded and less banded. The number of birds counted to derive the ratios varied from year to year depending on goose numbers in the two countries, but generally comprised several thousand individuals (Madsen et al. 2016a) . Age ratios of shot birds were assessed annually during 2007-2015 in Denmark and Norway (except for 2010 and 2014) using standardised protocols of the Danish wing survey (Christensen 2015) . In Norway, all samples were collected in the municipality of Levanger, County of Nord-Trøndelag by O.M.G. and his hunting team. Levanger is the key area for shooting pink-footed geese on autumn migration in Norway, and O.M.G. used a hunting technique which is employed by the majority of goose hunters in the area, namely using hides camouflaged in the fields, decoys as well as shooting in teams of 2-4 hunters. Sample size varied between 60 and 223 wings in Norway and between 96 and 383 wings in Denmark. Juvenile bias in the hunting bag was expressed as the odds ratio (OR, cf. Altman 1991), as follows:
Juvenilebias ¼ Proportion of juveniles in hunting bag /Proportion of adults in hunting bag Proportion of juveniles in population /Proportion of adults in population Based on the numbers of birds harvested, the proportion of juveniles in the hunting bags, and the proportion of juveniles in the population, we back-calculated the pre-harvest age composition of the population and the age composition of the total numbers shot. Again assuming that half the annual bag was taken prior to November, the number of juveniles (J Sep ) prior to the hunting season was calculated as follows:
where %JP Nov denotes the proportion of juveniles in the free-ranging November population, N Nov the total population size in November, S the natural survival rate during the intervening 2-month period (S = (1 À 0Á006) 2 ) and a the propor- 
These numbers were used to infer age-specific HRs for the period with data on age ratios in both harvest and the free-ranging population (2009) (2010) (2011) (2012) (2013) (2014) (2015) .
E F F E C T O F H U N T I N G O N P O P U L A T I O N G R O W T H R A T E
To measure the potential impact of hunting on population change, we calculated the annual population growth rate log e (N t / N tÀ1 ) of pink-footed geese during 1991-2015 and tested whether this varied in relation to changes in HR.
Results
P O P U L A T I O N S I Z E , H U N T I N G B A G A N D H R
Pre-harvest population size of pink-footed geese increased substantially between 1991 (%34 500) and 2012 (%95 000), however, declining to 87 300 in 2015 (Fig. 1) . The total hunting bag of pink-footed geese varied between 1984 (1998) and 14 991 birds (2014) (Fig. 1) . Piecewise linear regression of HR as a function of year identified a tipping point around 2004 (CI: 2001 -2006 , and significantly different slopes before and after this year (Davies test: K = 10, P < 0Á001). Total harvest was relatively stable throughout the years 1991-2003, but as the population increased steadily during this period, HRs declined slightly (Fig. 1) . From 2004 to 2015, both total harvest and annual HRs increased substantially, indicating that although the population was still increasing during this period the rise in hunting pressure had been proportionately larger (Fig. 1) . At least in recent years, the increase in HR seemed entirely to be driven by an increase in juvenile HR (reaching 33Á2% in 2015), while adult HR remained stable (Fig. 1) .
Harvest rates at national levels revealed that the Norwegian harvest had increased slightly more or less uniformly with an average increase of 0Á08% (SE = 0Á02) per year throughout the monitoring period (F 1,24 = 13Á044, P = 0Á002), and that the changes in overall HR depicted in Fig. 1 were mainly driven by the much larger Danish bag.
A G E -S P E C I F I C I M P A C T S
The percentage of juveniles in the hunting bag was higher in Norway (mean AE SE: 60Á8 AE 2Á6) than in Denmark (mean AE SE: 26Á4 AE 2Á3) and differed significantly between the two countries (Wilcoxon test: N = 16, Z = 3Á284, P = 0Á001; Fig. 2a ). This pattern reflected a similar difference in juvenile proportions of the autumn-staging populations in the two countries (Norway mean AE SE: 25Á0 AE 2Á4, Denmark mean AE SE: 13Á8 AE 2Á1; Wilcoxon test: N = 16, Z = 2Á648, P = 0Á008; Fig. 2b) . Overall, the percentage of juveniles in the bag and population were strongly correlated (Spearman's q = 0Á70, P = 0Á006).
Hunting bags were biased towards juvenile birds which were 3Á7 times more likely to be shot than adult birds. The bias was higher in Norway (mean AE SE: 5Á7 AE 0Á9) than in Denmark (mean AE SE: 2Á5 AE 0Á7; Wilcoxon test: N = 14, Z = 2Á000, P = 0Á045; Fig. 2c ) and did not show a significant temporal trend across the 2007-2015 period (F 1,12 = 3Á789, P = 0Á075).
E F F E C T O F H A R V E S T O N P O P U L A T I O N G R O W T H R A T E
Population growth rate of pink-footed geese was not significantly correlated with HR (slope AE SE: À0Á079 AE 0Á614; F 1,22 = 0Á017, P = 0Á899). Comparing growth rates of the 1991-2006 period (no years with HR >10%) to growth rates from 2007 onwards (all years with HRs >10%) also did not result in a significant difference (before 2007 mean AE SE: 1Á048 AE 0Á025, after 2007 mean AE SE: 1Á034 AE 0Á025; Wilcoxon test: N = 24, Z = À0Á214, P = 0Á830). Nonetheless, population growth rate was <1 for the last 3 years of our data series, demonstrating the first 3-year consecutive decline of the data period.
Discussion
Findings in this study reveal that the total hunting bag of pink-footed geese has increased substantially during the last decade, probably as a result of the combined effects of population growth, extended stay in the northern part of their wintering range which has an open season and expanding autumn distribution in the Danish landscape (Madsen et al. 2015b) . From the early 2000s onwards, the increase in hunting bag has outpaced population growth, resulting in considerably higher HRs during this period. This change in HR, as indicated by the tipping point in the early 2000s, coincides with the increase in goose numbers staying in Denmark throughout the wintering period. The hitherto highest total harvest and HR of 2014 correspond with an extension of the open season in Denmark to include January (1 September to 31 January). This demonstrated that this change in hunting management, which was in accordance with the adaptive harvest management recommendations , had a substantial impact. This is further supported by the fact that in the 2014-2015 hunting season, 47% of all pink-footed geese shot were killed in January (Madsen et al. 2016b ).
The age-specific impacts of hunting on this population are twofold and involve both (i) substantially higher HR of first-winter birds in comparison with adult geese and (ii) proportionately higher harvest of juvenile birds in Norway compared with Denmark. The first of these impacts probably relates to naivety of juvenile birds and flocking behaviour of pink-footed geese (Wright & Boyd 1983; Madsen 2010) and confirms a pattern also reported for other waterfowl quarry species (Menu, Gauthier & Reed 2002; Guillemain et al. 2010; Fox et al. 2015) . The second impact seems to be the result of spatio-temporal differences in the age composition of pink-footed geese along the migration corridor of this species, and the difference in juvenile proportions between Norway and Denmark might stem from differences in migration patterns between family groups and non-breeders. While adults accompanied by inexperienced young are likely to make a stopover in Norway on south-bound migration during early autumn, non-breeders may to a greater extent fly a direct route to the main autumn-staging areas in Denmark. The spatio-temporal heterogeneity in harvest bag described in this study has also been reported for greater snow geese Chen caerulescens atlantica (Calvert, Gauthier & Reed 2005) and teal Anas crecca (Guillemain et al. 2010) , and in all cases, the proportion of juveniles in the hunting bag was greatest in the first staging areas encountered during autumn migration.
Considering the steep increase in HR of pink-footed geese during the last decade, it was rather surprising that no immediate effect on population growth rate was discernible during the same period. Although this could indicate that HR at current levels have only had limited impact on changes in population size, inertia in population size responses is a common feature of many longlived species (Koons, Holmes & Grand 2007) . Pink-footed geese rarely breed before they are 3 years old, and demographic perturbations like an increased HR may lead to transient dynamics and short-term responses unlike longterm population trajectory (Koons, Holmes & Grand 2007; Ezard et al. 2010) . Part of the explanation behind the missing impact on population growth rate probably relates to overrepresentation of juveniles in the hunting bag. In long-lived waterfowl species, the most important driver of population change is adult survival (Lebreton & Clobert 1991) , and the disproportionately high take of juveniles might somewhat dampen the effect of harvest on population change. In that connection, it is very important to note that the recent increase in HR seemed to almost entirely be driven by an increased hunting mortality of young birds, while HR of adults was unchanged. Currently, our analysis suggests a substantial agedependent compensatory dimension in the harvest of this population, but additional data points and further studies coupling HR and survival are necessary to completely unravel these questions. Recent simulation models indicate that retaining current HRs will reduce spring population size to c. 60 000 birds in a matter of 3-7 years , and these findings emphasise that the effect of hunting on population change should always be evaluated on a time-scale long enough to account for transient dynamics and population inertia. As such, the recent dip in population size might be early signs of an impending decline.
Our method to back-calculate pre-harvest population size and HR is in principle applicable to the majority of huntable migratory waterfowl in the African-Eurasian region, where population sizes are assessed during autumn or mid-winter (wildfowl counts in the UK, International Waterbird Census, Madsen et al. 2015a) . However, it requires internationally coordinated hunting bag statistics which are currently lacking for the majority of populations, and it also requires an understanding of density-dependence processes in the populations (to parameterise to what degree harvest mortality is additive to natural mortality) which is only vaguely known for a minority of populations. In order to ensure the sustainable harvest management of these populations, there is an urgent need to step up coordination and management at flyway level in Europe (Madsen et al. 2015a) , and in line with Elmberg et al. (2006) , we strongly advocate for a pan-European monitoring system based on coordinated and standardised procedures for assessing population size, harvest and demographic rates. The current situation is in strong contrast to waterbird harvest management in North America. First, the majority of populations are surveyed during the breeding season, banding is systematically organised and hunting bag statistics are collected at flyway population level, allowing for a direct assessment of HRs. Second, the sustainability of harvest is regularly (mostly annually) assessed, and structured decision-making mechanisms, including adaptive harvest management systems, are in place to adjust harvest levels accordingly (e.g. Nichols et al. 2015) .
The present analysis is prone to biases in both population estimates and hunting bags. Population estimates are based on ground-based total counts likely to somewhat underestimate the true population size, as it is relatively easy to miss flocks exploiting non-traditional staging areas. This was evident from the internationally coordinated survey in spring 2015, where subsequent surveys showed that the population count must have been too low (see http://pinkfootedgoose.aewa.info/node/195). Nonetheless, throughout the African-Eurasian region, such counts are the standard way of monitoring waterbird populations according to AEWA guidelines (AEWA 2005) , and alternative measures of population size obtained from capture-mark-recapture methods or bag indices are often characterised by large annual fluctuations and associated with a number of assumptions that are rarely met (Ganter & Madsen 2001; Imperio et al. 2010; Grimm, Gruber & Henle 2014) . The pink-footed goose count is coordinated both locally and internationally and carried out by experienced observers with many years of training in counting geese. In addition, the geese are conspicuous birds in the open habitats they occupy and occur in large flocks in well-known and well-defined roosting and foraging areas. While the annual count is only a single event preventing a quantification of the confidence around the estimate for any given year, the procedure is very reliable and covers the entire flyway. Moreover, the recurrent counts make sure that sudden fluctuations (like the 2015 situation described above) can be investigated, reassessed and (if necessary) corrected.
Hunting bags may be somewhat underestimated as only retrieved individuals are reported by hunters. Also, our records rely on hunters' personal reports, and we cannot completely rule out occasional misidentification of some goose species. However, such misidentification is unlikely to lead to systematic biases (T. K. Christensen, J. Madsen, T. Asferg, J. P. Hounisen, L. Haugaard unpublished data). These limitations are regularly addressed as part of the recurrent evaluation process performed by the International Working Group for the adaptive ISMP for the pink-footed goose. Finally, our assumption that natural mortality was fully additive to hunting mortality might be questioned. We chose this approach based on indications that the population is in exponential growth with little signs of density dependence , and even if this assumption was partly violated, the effect on our results would be negligible. Based on our calculations, natural mortality accounts for only 3% (juveniles) and 11% (adults) of total mortality during the hunting season, meaning that relaxing this assumption would not change the conclusions drawn from our data.
M A N A G E M E N T I M P L I C A T I O N S
In light of the current ISMP on pink-footed geese, which relies on hunting as a main management tool, the results have implications for the future regulations necessary to maintain a relatively stable population size around 60 000 (Madsen & Williams 2012 ). As such, initiatives regulating hunting in Denmark will potentially have a much greater effect on population growth rates compared with Norway, because adult birds in this area constitute a larger part of the total bag. This conclusion is further reinforced by the current differences in size of the hunting bag between the two countries. When the population starts to decrease as a result of the increased harvest levels , the future scenario of reduced hunting will require an agreement between Denmark and Norway on how to share the harvest (this has now been agreed upon by the International Working Group for the ISMP; see http://pinkfootedgoose.aewa.inf o/node/180). In that situation, it might be considered how to maximise the harvest with minimal impact at the population level, and allowing disproportionately more shooting in areas with high proportion of juveniles, i.e. in Norway, may be one way to achieve this.
Despite that many goose populations have increased substantially in recent decades , there are often few indications of density-dependent effects regulating population size (Menu, Gauthier & Reed 2002; Alisauskas et al. 2011; . As a consequence, hunting may be an important tool to manage populations as a means to alleviate conflicts with farmers and reduce the degradation of natural habitats (Pedersen, Speed & Tombre 2013; Koons, Rockwell & Aubry 2014; Fox et al. 2016) . The efficiency of hunting as a management tool can be hard to evaluate, but it is strictly dependent on proper harvest monitoring and a flexible and adaptive harvest strategy. Improving the efficiency of hunting as a mechanism of population control may rely on education of hunters, local organisation of hunting and targeting hunting effort when and where the effects on population growth rate are most pronounced (Decker & Connelly 1990; Brown et al. 2000; Bregnballe et al. 2015) . Currently, steps are taken to optimise the hunting practice of pink-footed geese in Denmark and Norway (Jensen, Madsen & Tombre 2016; Jensen et al. accepted) . The coming years of the adaptive harvest management process will reveal whether these initiatives, combined with season length regulations, are sufficient to secure appropriate future management of this species. After all, recent studies suggest that when conditions are right, hunting can be an efficient tool to regulate goose population sizes (Menu, Gauthier & Reed 2002; Klok et al. 2010) .
